The diagnosis of neuroendocrine neoplasms (NENs) may be challenging and is based on typical morphological features and positive staining for antibodies of neuroendocrine differentiation. Neuron-specific enolase (NSE) being a cytosolic marker may be useful in this setting. NSE is by many considered nonspecific, due to the finding of this marker in tumors considered not to be of neuroendocrine origin. Our aim was to determine whether this is true and whether NSE is more specific than previously realized. We examined 178 tumors (carcinomas and NENs) from breast, lung, stomach, and kidney using immunohistochemistry with the following markers: chromogranin A, synaptophysin, CD56, secretagogin, and NSE. Expression of NSE was compared with that of the other markers. NSE was expressed in 138 (78%) of all tumors. Of the NSE-expressing tumors, 95 (68%) cases expressed one or more additional neuroendocrine markers. The staining intensity and number of NSE-expressing tumor cells were highest among tumors of neuroendocrine origin and clear cell renal cell carcinomas. A positive association was found between NSE expression and the number of additional neuroendocrine markers expressed in each of the tumors. Practically all tumors positive for an accepted neuroendocrine marker also expressed NSE. (J Histochem Cytochem 65:687 -703, 2017) 
Introduction
The incidence and prevalence of neuroendocrine neoplasms (NENs) have been increasing over the past years partly due to increased awareness and improvements in instrumental diagnostic techniques. Regardless of organ, the diagnosis of NENs may be challenging due to the heterogeneous nature of these tumors. Correct diagnosis is of importance to give patients the right treatment. The diagnosis of NENs is based on a characteristic morphological appearance and a positive reaction in the tumor cells for at least two neuroendocrine (NE) markers, 1 the latter is usually done with the aid of immunohistochemistry (IHC) by using antibodies against general cytosolic and granular NE markers. Chromogranin A (CgA) and synaptophysin are currently considered to be the most sensitive and specifi c markers of NE differentiation that are used in the routine diagnostic setting. 2 , 3 NE markers used in IHC are usually associated with secretory granules, small vesicles, or elements of the cytosol. CgA and synaptophysin are benefi cial for well-differentiated NENs, but are less helpful in the diagnosis of poorly differentiated NENs, partly due to 733676 JHC XX X 10.1369/0022155417733676 Neuron-Specifi c Enolase and Tumors Mjønes et al.
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dedifferentiation and subsequently degranulation of tumor cells; thus, the application of more sensitive markers is necessary.
Neuron-specific enolase (NSE) was introduced as a marker for NE cells particularly to be used in diagnosis of malignant tumors, and it was the first marker used to identify NE cells. 4 However, it got a bad reputation as positivity for this marker was found not only in accepted NENs but also in tumors classified as adenocarcinomas or undifferentiated carcinomas. The specificity of NSE was therefore considered limited, 4, 5 and, thus, pathologists often used the term "nonspecific enolase" for this marker. Enolases are dimers consisting of three distinct subunits; α, β, and γ, and are glycolytic enzymes widely distributed in mammals. High levels of NSE are present in neuronal and NE cells as αγ or γγ forms, and in tumors derived from these cells. 6 The downside to the antibody used in NSE detection, which is an antibody against the γγ form, is cross-reactivity with the αγ form of enolase, which is found in lymphocytes, myoepithelial cells, and smooth muscle cells. 7 Moderate levels of this protein have also been found in tumors believed not to be of NE origin. 8 Even though NSE is often regarded as a rather unspecific marker for NE differentiation, NSE is observed in the majority of NE tumors, 9 and because it is a cytosolic marker, it can even be detected in degranulated tumor cells. 10, 11 It has been increasingly evident that many tumors previously classified as adenocarcinomas or undifferentiated carcinomas are, in fact, NE carcinomas, or at least have areas of NE differentiation. [12] [13] [14] Moreover, before the development of antibodies against NE specific polypeptides, normal and neoplastic NE cells were identified by the use of morphological criteria alone, and a number of tumors of NE origin may therefore have been missed in the past. Therefore, it is possible that many of the reclassified tumors also are NSE positive, and that NSE, nevertheless, is a useful marker.
CD56, also known as neural cell adhesion molecule (NCAM), is another marker used in the diagnosis of NE differentiation, and is a glycoprotein involved in cell-binding, migration, and differentiation. 15 NE cells and tumors containing neurosecretory granules tend to express both CD56 mRNA and protein. 16 Although there have been questions raised with regard to the specificity of this marker, it seems to be useful in the diagnosis of small cell lung carcinoma (SCLC). 17 Secretagogin, a calcium-binding protein, is currently not in use in the routine diagnosis of NENs. It is, however, found to be co-localized with other accepted markers like CgA and synaptophysin, and is therefore considered to be useful in the diagnosis of NENs. 18, 19 In addition to the above-mentioned markers, other markers of NE differentiation of more limited value include protein gene product (PGP 9.5) and LEU7 (CD57).
The aim of our study was 2-fold. First, we wished to explore whether NSE as a marker of NE differentiation is better than its reputation; is NSE a specific as well as sensitive marker of NE differentiation? This was done by examining 178 tumors from breast, lung, stomach, and kidney with an antibody against NSE, and comparing the results with other NE markers like CgA, synaptophysin, CD56, and secretagogin. We wanted to see if all tumors positive for one of the other NE markers also express NSE. Second, we wanted to further explore the expression of secretagogin and determine whether this marker could be of use in the diagnosis of NE differentiation in tumors.
Materials and Methods

Patients
Tumor tissue from 178 patients who were surgically treated for tumors of the breast, lung, stomach, or kidney at St. Olav's Hospital-Trondheim University Hospital between 1995 and 2016 were included in the study. The patients were identified from previous studies 20, 21 and by going through our records at the pathology and gastroenterology departments. To limit the study, only four tumor locations were evaluated, and the selection criteria were as follows: Various types of carcinomas and NENs from breast, lung, stomach, and kidney that were available in the archives at the pathology or gastroenterology departments were included in the study. For practical reasons, most of the tumors were from before the year 2000. Of the breast and lung tumors, we aimed to examine approximately equal amounts of the most common subtypes, and when other subtypes were found, these were also added to the study population. The tumors from breast and lung were identified by going through the records at the pathology department. The number of stomach tumors examined was limited due to lack of tumor tissue in the archives caused by material being used in previous studies. Patients diagnosed with adenocarcinoma of diffuse, intestinal, or mixed/indeterminate types according to Laurén, or NENs according to the World Health Organization (WHO), were included. In all, 14 tumors from the stomach were identified from an unpublished study and 13 cases from the archives at the pathology department. Of the 14 cases identified previously, examination with markers against CgA and synaptophysin were already performed, and not repeated in this study. Examination with the other NE markers (NSE and secretagogin), however, was performed as described below. Carcinomas of the breast, lung, and stomach are known to occasionally express NE markers, and we wanted to see whether the same areas expressing other NE markers also expressed NSE. All 45 patients with kidney cancer were identified from a previous study, 20 and included cases of clear cell renal cell carcinoma (CCRCC), papillary renal cell carcinoma (PRCC) type 1 and type 2, and chromophobe renal cell carcinoma (chRCC). The renal cell carcinomas (RCCs) were already explored with markers against CgA, synaptophysin, NSE, and erythropoietin, and not repeated in this study. In a previous study, we found that all CCRCCs expressing NSE also express erythropoietin, a hormone, thus, we wished to explore this further by using secretagogin as described below. As tissue microarray (TMA) blocks had not been made for 14 stomach cancers and RCCs identified from previous studies, whole sections were also used for the remaining markers examined for these cases.
Specimen Characteristics
Formalin-fixed, paraffin-embedded (FFPE) tissue from 178 patients was collected from the archives and used in this study. All tumors were previously classified into histopathological type, and in relation to this study, reclassified according to the most recent WHO classifications [22] [23] [24] [25] and according to Laurén. 26 American Joint Committee on Cancer (AJCC) Cancer Staging Manual (8th ed.) was used to stage the tumor. 27 Tumor size was, when available, noted and was defined as the area with greatest diameter recorded in the pathology report. Sections were stained with either hematoxylin and eosin (HE) or hematoxylin, eosin, and saffron (HES). They were then reviewed, and representative tumor areas were selected for further evaluation. From all lung and breast tumors and from 13 stomach tumors, TMAs were constructed by using an advanced tissue arrayer ATA-100 (Chemicon International, Temecula, CA). Three cylindrical tissue cores with a diameter of 1 mm were taken from paraffin blocks with tumor tissue, and reembedded into a recipient microarray block at defined microarray coordinates. In cases where tumor tissue was not observed in the TMA sections, the above step was repeated, and new TMA blocks were made. A total of 10 TMA blocks, each containing tumor tissue from 8 to 20 tumors, were put together. TMA blocks were not constructed from the remaining 14 stomach tumors and the 45 kidney tumors. In these cases, whole sections from the tumors were used.
Immunohistochemical stainings with antibodies against NSE, CgA, synaptophysin, and secretagogin were performed. By conducting these studies, we wished to find out whether all tumors positive for CgA, synaptophysin, CD56, and/or secretagogin also expressed NSE, and whether these markers are expressed in the same areas of the tumor.
Histopathology and IHC
From FFPE tissue blocks, 4 µm thick sections were cut and afterward transferred to SuperFrost slides (Thermo Scientific, Braunschweig, Germany). The sections were dried at room temperature overnight before being baked in a heat cabinet for 60 min at 60C, and subsequently deparaffinized in Neo-Clear (Merck KGaA, Darmstadt, Germany). They were then rinsed in decreasing concentrations of alcohol down to water, before being put in a bath of 0.3% hydrogen peroxide for 10 min. After immersing the sections in a bath of epitope retrieval solution, they were put in a microwave oven at 160W for 15 min. Tris/EDTA (pH 9) was used as epitope retrieval solution for all antibodies. Thereafter, the sections were cooled for 15 min at room temperature before being washed in a wash buffer solution. A TNT wash bufferbased on 0.1 M Trizma hydrochloride, 0.15 M NaCl, and 0.05% Tween 20 (VWR, Briare, France), pH 7.5-was used for all the washing steps. For approximately 1 hr at room temperature, the sections were incubated with a primary antibody. The following antibodies were used in this study: CgA (M0869, Dako, Glostrup, Denmark, 1:200), synaptophysin (M7315, Dako, 1:200), NSE (BBS/NC/VI-H14, Dako, 1:200), CD56 (123C3, Dako, 1:50), and secretagogin (MAb 4878, R&D Systems, Minneapolis, MN, 1:200). To further amplify the signal, Mouse Link (K8021, Dako) was used with the monoclonal mouse antibodies (CgA, synaptophysin, NSE, CD56, and secretagogin). All antibodies were visualized by using an EnVision-HRP kit with DAB+ (K5007, Dako). The sections were incubated with EnVision for 30 min before being developed using DAB+. The sections were subsequently counterstained with Mayer's hematoxylin (Sigma Life Science, Saint Louis, MO) for 10 sec. Mouse IgG2b (X0944, Dako) was used as a negative isotype control for CgA, and mouse IgG1 (X0931, Dako) was used for synaptophysin, NSE, CD56, and secretagogin. A wash buffer solution was used between all steps after incubation with primary antibody. For all antibodies, a known neuroendocrine tumor (NET) of the stomach was used as a positive control. The surrounding connective tissue was used as a negative control.
Scoring and Reporting
A bright field microscope (Olympus CX41; Olympus Optical Co.
[Europa] GMBH, Hamburg, Germany) was used to examine the sections. IHC markers were assessed by one researcher. When there were any uncertainties with regard to results, a second pathologist/researcher was consulted.
Classification of Tumors
The tumors were reclassified according to the most recent WHO classifications [22] [23] [24] [25] and according to Laurén. 26 The breast tumors were classified into invasive carcinoma of no special type (previously known as invasive ductal carcinoma), invasive lobular carcinoma, medullary carcinoma, and carcinoma with NE features. The lung tumors were classified into carcinoid tumors (consisting of typical and atypical carcinoid tumors of the lung), SCLC, and non-small cell lung carcinomas (NSCLC; consisting of squamous cell carcinoma, adenocarcinoma, large cell carcinoma, and large cell NE carcinoma). Tumors of the stomach were classified according to Laurén into diffuse, intestinal, or mixed/ indeterminate types, and according to the WHO into NENs. In the present study, mixed and indeterminate types are described together. The NENs are subdivided into NETs grade 1 or 2, or NE carcinoma (grade 3) depending on the proliferative index of these tumors. The kidney tumors were classified according to the WHO into CCRCC and non-CCRCC, the latter group consisting of PRCC type 1 and type 2, and ChRCC.
Classification of Markers
The expression of the various markers was classified as positive or negative, and the number of positive cancer cells expressing each of the markers was also noted. If less than 2% of the cancer cells stained positive, the staining was reported as negative. The expression was considered low if 2-10% of cancer cells were positive, moderate if there were 10-40% positive cells, high when 40-70% of cells were positive, and very high if more than 70% of cells expressed the marker. REporting recommendations for tumor MARKer prognostic studies (REMARK) with a few minor modifications were used. 28 
Statistical Analysis
For calculation of median and mean values as well as range for the different parameters, IBM SPSS statistics v22 (Chicago, IL) was used. The descriptive data are presented as median or mean as appropriate. To look for association between the various variables, Spearman's nonparametric test was used.
Results
Patient and Tumor Characteristics
Of all the 178 patients included in the study, 86 (48%) were female and 92 (52%) male. At the time of diagnosis, their median age was 66 (range: 32-87) years. At follow-up, 116 patients were dead and 62 alive. Of the patients still alive, 11 were diagnosed with cancer of the breast, 7 with cancer of the lung, 6 with cancer of the stomach, and 38 with cancer of the kidney. Of the tumors removed, 37 (21%) were from breast, 69 (39%) from lung, 27 (15%) from stomach, and 45 (25%) from kidney.
Breast. A total of 37 (21%) tumors were from breast, all of the patients female. The median age of these patients was 67 (range: 46-87) years. In total, 21 (57%) patients with tumors of the breast were diagnosed with invasive carcinoma of no special type, 13 (35%) with invasive lobular carcinoma, 2 (5%) with medullary carcinoma, and 1 (3%) case with carcinoma with NE features. Mean tumor size registered in the pathology report was 4.3 (range: 1.0-15.0) cm with SD 2.5. When classified in accordance with the TNM classification system, 5 (14%) tumors were in the T1 category, 17 (46%) in the T2 category, 12 (32%) in the T3 category, and 3 (8%) in the T4 category.
Lung. A total of 69 (39%) tumors were from the lung, where 25 (36%) were from female, and 44 (64%) from male patients. The median age of these patients was 66 (range: 33-84) years. A total of 22 (32%) were diagnosed with squamous cell carcinoma, 23 (33%) with adenocarcinoma, 3 (4%) with large cell carcinoma, 4 (6%) with large cell NE carcinoma, 7 (10%) with SCLC, and 9 (13%) with carcinoid tumor. One (1%) patient was diagnosed with adenocarcinoma, which most likely represented metastasis from the uterus. Mean tumor size registered in the pathology report was 4.0 (range: 1.2-13.0) cm with SD 2.1. In all, 18 (26%) tumors were in the T1 category, 28 (41%) in the T2 category, 13 (19%) in the T3 category, and 10 (14%) in the T4 category. Figures 1 and 2 illustrate the expression of the various markers in carcinoid (typical) and SCLC. The carcinoid tumor expresses all the NE markers, whereas in the SCLC, expression of CgA and synaptophysin is weak compared with the other markers.
Stomach. In total, 27 (15%) of 178 tumors were from the stomach, and of these, 15 (56%) were from female and 12 (44%) from male patients. Their median age was 70 (range: 32-80) years. A total of 10 (37%) stomach tumors were adenocarcinoma of intestinal type, 7 (26%) of diffuse type, and 2 (7%) of mixed/indeterminate type. The remaining eight (30%) were NENs: Six (22%) of these were NETs (four grade 1, two grade 2) and two were NECs. The mean tumor size registered in the pathology report was 4.6 (range: 0.4-13.0) cm with SD 3.1. Nine (33%) of the 27 stomach tumors were in the T1 category, 5 (19%) T2, 11 (41%) T3, and 2 (7%) T4. Figure 3 illustrates the expression of NE markers in adenocarcinoma of intestinal type.
Kidney. Of the 178 tumors, 45 (25%) were from the kidney. Nine (20%) of these were from female and 36 (80%) from male patients. The median age of the patients was 60 (range: 37-82) years. In all, 34 (76%) were CCRCC, and the remaining 11 (24%) were non-CCRCC. Of the non-CCRCC, seven (64%) were PRCC type 1, two (18%) PRCC type 2, and two (18%) ChRCC. The mean tumor size registered in the pathology report was 3.7 (range: 1.2-10.0) cm with SD 2.2. Of the 45 kidney tumors, 38 (84%) were in the T1 category, 4 (9%) T2, 1 (2%) T3, and 2 (4%) T4.
Immunohistochemistry
All 178 tumors were examined using antibodies against CgA, synaptophysin, CD56, NSE, and Secretagogin. The staining of CgA was granular and cytoplasmatic, and the staining intensity mainly strong. When positive, synaptophysin was expressed in the cytoplasm, and the staining intensity of this marker was strong in the NENs and weaker in the carcinomas. CD56 was expressed mainly on the cell membrane. The staining of secretagogin was cytoplasmatic and nuclear, but otherwise similar to that of synaptophysin. NSE was expressed in the cytoplasm when positive, and the staining intensity varied from strong to weak. The strongest staining was observed in NENs and CCRCC. When looking at the group as a whole, 48 (27%) expressed synaptophysin, 32 (18%) CgA, 46 (26%) CD56, 77 (43%) secretagogin, and 138 (78%) expressed NSE. Of the tumors positive for NSE, 95 (68%) expressed one or more additional NE markers. Which markers expressed in addition to NSE depended on the organ in question and tumor type. As seen for the breast and kidney, secretagogin was the marker most commonly co-expressed with NSE, whereas for the lung and stomach, this was not the case. (A summary of results are seen in Tables 1-3 
.)
Breast. Four (11%) of the tumors expressed synaptophysin, where two (5%) cases expressed the marker in 10-40% of tumor cells, and two (5%) cases in more than 70% of tumor cells. Three (8%) expressed CD56, where one (3%) case expressed this marker in 10-40% of tumor cells, whereas the other two (5%) in 40-70% of tumor cells. NSE was expressed in 19 (51%) cases, where 6 (16%) cases expressed this marker in 2-10% of tumor cells, 4 (11%) in 10-40%, 5 (14%) in 40-70%, and 4 (11%) in more than 70% of tumor cells. Secretagogin expression was noted in 10 (27%) cases, where 6 (16%) cases expressed this marker in 10-40% of tumor cells, 2 (5%) in 40-70%, and 2 (5%) in more than 70% of tumor cells. None (0%) of the cases expressed CgA. Out of all 19 cases expressing NSE, 11 (58%) cases expressed one or more additional NE markers. Of the 18 (49%) cases negative for NSE, 1 (5%) case (invasive carcinoma of no special type) expressed one additional NE marker, secretagogin, in approximately 20% of tumor cells and the staining intensity was mostly weak. In addition, the same tumor expressed NSE in a few scattered cells, but this amounted to less than 2% of tumor cells, and was therefore considered negative.
Lung. Of the lung cancers, 26 (38%) tumors expressed synaptophysin, where 3 (4%) cases expressed the marker in 2-10% of tumor cells, 3 (4%) in 10-40%, 3 (4%) in 40-70%, and 17 (25%) in more than 70% of tumor cells. CgA was positive in 17 (25%) of lung tumors, and the distribution was as follows; 2 (3%) expressed this marker in 2-10% of tumor cells, 2 (3%) in 10-40%, 2 (3%) in 40-70%), and 11 (16%) in more than 70% of tumors. In all, 25 (36%) cases expressed CD56, of which 6 (9%) expressed this marker in 2-10% of tumor cells, 2 (3%) in 10-40%, 3 (4%) in 40-70%, and 14 (20%) in more than 70% of tumor cells. A total of 59 (86%) expressed NSE, where 15 (22%) cases expressed this marker in 2-10% of tumor cells, 10 (15%) in 10-40%, 12 (17%) in 40-70%, and 22 (32%) in more than 70% of tumor cells. Secretagogin was expressed in 18 (26%) cases, where 3 (4%) cases expressed this marker in 2-10% of tumor cells, 3 (4%) in 40-70%, and the remaining 12 (17%) in more than 70% of tumor cells. Of the 59 NSE-expressing cases, 33 (56%) expressed one or more additional NE markers. The 10 NSE-negative cases were also negative for other NE markers.
Stomach. A total of 16 (59%) of the tumors in the stomach expressed synaptophysin, where in 2 (7%) of the cases, the marker was expressed in 2-10% of tumor cells, 4 (15%) in 10-40%, 2 (7%) in 40-70%, and 8 (30%) cases in more than 70% of tumor cells. CgA was expressed in 15 (56%) cases, where in 1 (4%) case, positivity was observed in 2-10% of tumor cells, 7 (26%) in 10-40%, 2 (7%) in 40-70%, and 5 (19%) in more than 70% of tumor cells. In all, 12 (44%) cases expressed CD56, where 4 (15%) cases expressed this marker in 2-10% of tumor cells, 1 (4%) in 10-40%, 2 (7%) in 40-70%, and 5 (19%) in more than 70% of tumor cells. NSE was expressed in 20 (74%) cases, where 5 (19%) cases expressed this marker in 2-10% of tumor cells, 7 (35%) in 10-40%, 3 (11%) in 40-70%, and 5 (19%) in more than 70% of tumor cells. Secretagogin expression was found in 13 (48%) cases, where 1 (4%) case expressed this marker in 2-10% of tumor cells, 4 (15%) in 10-40%, 1 (4%) in 40-70%, and 7 (35%) in more than 70% of tumor cells. Out of all the 20 NSE-expressing cases, 15 (75%) cases expressed one or more additional NE markers. Of the seven NSEnegative cases, one (14%) tumor (adenocarcinoma of intestinal type) expressed synaptophysin in 10-40% of the tumor cells. A couple of NSE positive cells were observed, but this amounted to less than 1%.
Kidney. Of the 45 kidney tumors examined, two (4%) cases expressed synaptophysin. In one (2%) case, this expression was seen in 2-10% of tumor cells, and in one (2%) in 10-40% of tumor cells. Six (13%) expressed CD56, where three (7%) cases expressed this marker in 2-10% of tumor cells, one (2%) in 10-40%, one (2%) in 40-70%, and one (2%) in more than 70% of tumor cells. NSE expression was observed in 40 cases (89%), where 7 (16%) cases expressed this marker in 2-10% of tumor cells, 4 (9%) in 40-70%, and 29 (64%) in more than 70% of tumor cells. In CCRCC, the staining intensity was strong and the number of positive cells high. Of the few papRCC expressing NSE, the staining intensity was weak, and the location of expression was mainly in cells located toward cystic lumens, and in a diagnostic setting, the result would be considered negative. Secretagogin Weak expression of NSE and secretagogin was observed in a few cells next to cystic lumens of papillary renal cell carcinomas, and may represent artifacts and not positive staining in these cases. Abbreviations: CgA, chromogranin A; NSE, neuron-specific enolase; NE, neuroendocrine; NST, no special type. 2 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) Carcinoma with NE features (n=1) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) All breast tumors (n=37) 17 (46%) 9 (24%) 6 (16%) 5 (14%) 0 (0%) 0 (0%) Lung
Squamous cell carcinoma (n=22) 4 (18%) 15 (68%) 3 (14%) 0 (0%) 0 (0%) 0 (0%) Adenocarcinoma (n=23) 4 (17%) 10 (43%) 7 (30%) 1 (4%) 0 (0%) 1 (4%) Large cell carcinoma (n=3) 1 (33%) 1 (33%) 1 (33%) 0 (0%) 0 (0%) 0 (0%) Large cell NE carcinoma (n=4) 0 (0%) 0 (0%) 2 (50%) 0 (0%) 2 (50%) 0 (0%) Small cell lung carcinoma (n=7) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (14%) 6 (86%) Carcinoid tumor, typical and atypical (n=9) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (22%) 7 (78%) Metastasis (adenocarcinoma) (n=1) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) All lung tumors (n=69) 10 (14%) 26 (38%) 13 (19%) 1 (1%) 5 (7%) 14 (20%) Stomach Adenocarcinoma, intestinal type (n=11) 4 (36%) 4 (36%) 0 (0%) 0 (0%) 2 (18%) 1 (9%) Adenocarcinoma, diffuse type (n=6) 2 (33%) 2 (33%) 0 (0%) 1 (17%) 1 (17%) 0 (0%) Adenocarcinoma, mixed or indeterminate type (n=2) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (100%)
Neuroendocrine neoplasm (n=8) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 8 (100%) All stomach tumors (n=27) 6 (22%) 6 (22%) 0 (0%) 1 (4%) 3 (11%) 11 (41%) Kidney
Clear cell renal cell carcinoma (n=34) 0 (0%) 3 (9%) 25 (74%) 6 (18%) 0 (0%) 0 (0%) Papillary renal cell carcinoma type 1 (n=7) 1 (14%) 3 (43%) 3 (43%) 0 (0%) 0 (0%) 0 (0%) Papillary renal cell carcinoma type 2 (n=2) 0 (0%) 0 (0%) 2 (100%) 0 (0%) 0 (0%) 0 (0%) Chromophobe renal cell carcinoma (n=2) 2 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) All kidney tumors (n=45) 3 (7%) 6 (13%) 30 (67%) 6 (13%) 0 (0%) 0 (0%) All tumors (n=178) 36 was positive in 36 (80%) cases, where 10 (22%) cases expressed this marker in 2-10% of tumor cells, 10 (22%) in 10-40%, 10 (22%) in 40-70%, and 6 (13%) cases in more than 70% of tumor cells. In the surrounding normal kidney, a few secretagogin positive cells were observed in the vascular pole of the Bowman's capsule and in a few tubular cells. CgA expression was not observed in any of the cases (0%). Of all the NSE-expressing cases, 38 (84%) expressed one or more additional NE markers, where secretagogin was the marker most commonly expressed in addition to NSE. Of the five (11%) cases negative for NSE, one of the cases expressed an additional NE marker, secretagogin, which was observed in approximately 10% of its tumor cells, mainly toward cystic areas in the tumor. When reexamining the expression of NSE in the same tumor, small areas amounting to less than 2% displayed weak staining. Interestingly, the expression of CD56 and synaptophysin was only observed in CCRCC. The staining intensity of secretagogin was stronger for CCRCC compared with non-CCRCC. In addition, the number of cells with positive staining for secretagogin was notably higher in CCRCC compared with non-CCRCC.
Correlations
When considering all 178 cases, a significant association was observed between NSE and secretagogin (r = 0.6, p<0.001), CD56 and CgA (r = 0.7, p<0.001), CD56 and synaptophysin (r = 0.6, p<0.001), synaptophysin and CgA (r = 0.8, p<0.001), secretagogin and CgA (r = 0.6, p<0.001), and secretagogin and synaptophysin (r = 0.5, p<0.001). There was also a significant association between the number of NE markers expressed in each of the tumors and the number of cells expressing NSE (r = 0.7, p<0.001), CD56 (r = 0.7, p<0.001), secretagogin (r = 0.8, p<0.001), CgA (r = 0.7, p<0.001), and synaptophysin (r = 0.7, p<0.001). Tables 4 to 8 illustrate the correlations between the different markers in the group as a whole, and in the various organs.
Discussion
In our study, we identified NSE expression in a large proportion (78%) of tumors examined. The staining intensity and number of tumor cells expressing NSE was highest among tumors of NE origin, including carcinoma with NE features (breast), carcinoid tumor (lung), SCLC (lung), large cell NE carcinoma (lung), and NENs (stomach). NSE expression was also strong among CCRCC (kidney), and all these tumors expressed NSE to some degree. A total of 95 (68%) of the NSE positive tumors also expressed at least one additional NE marker. The number of additional NE markers was highest for the tumors of NE origin, and an association between the number of NE markers that were positive in each tumor and the number of cells staining positive for the various markers was also found, both when looking at all the cases together and for the various locations. Furthermore, a strong association was found between expressions of the different NE markers. In particular, the association between the expression of secretagogin and number of NE markers expressed was strong, which could be due to the high number of CCRCC expressing both NSE and secretagogin. When dividing the cases according to location, there was a moderate and strong association between the expressions of all the NE markers, but in particular, the association between secretagogin and CgA was strong. The same was noted for the stomach, whereas for tumors located to kidney or breast, this was not the case, and only a moderate association between secretagogin and NSE was noted. Three NSE-negative tumors (case numbers 12, 154, and 178 in the supplementary table), were found to express one other NE marker. One case from the breast (carcinoma of no special type) expressed secretagogin in about 20% of tumor cells. This staining was, however, mostly weak. When reexamining the section stained with NSE, a few positive cells were observed, but this amounted to less than 2%, and, as a result, NSE was in this case considered negative. The same situation was observed in one tumor located in the kidney, PRCC type 1. In this case, however, the staining intensity was weak and mainly located toward cystic lumens in the tumor, and could be interpreted as nonspecific staining of secretagogin. The third NSEnegative case expressing an additional marker was found in the stomach, and was adenocarcinoma of intestinal type. Synaptophysin, which is considered to be one of the more reliable markers of NE differentiation, was observed in approximately 20% of tumor cells. A couple of NSE-expressing cells were observed in this case as well, but like the previous-mentioned cases, the number of NSE-expressing cells was low, amounting to less than 1%. Importantly, of all the cases with morphology consistent with NE differentiation, NSE expression was observed. This finding was also verified with the more accepted NE markers like CgA and synaptophysin. In some cases, the interpretation of NSE was challenging due to NSE expression in surrounding smooth muscle cells and some fibroblast-like stromal cells. Lobular carcinoma of the breast and adenocarcinoma of the diffuse type in the stomach were the most difficult to evaluate due to diffuse growth of the tumor cells intermixed with NSE positive CgA  52  2  2  2  11  69  Synaptophysin  43  3  3  3  17  69  CD56  44  6  2  3  14  69  NSE  10  15  10  12  22  69  Secretagogin  51  3  0  3  12  69  Stomach  CgA  12  1  7  2  5  27  Synaptophysin  11  2  4  2  8  27  CD56  15  4  1  2  5  27  NSE  7  5  7  3  5  27  Secretagogin  14  1  4  1  7  27  Kidney  CgA  45  0  0  0  0  45  Synaptophysin  43  1  1  0  0  45  CD56  39  3  1  1  1  45  NSE  5  6  1  4  29  45  Secretagogin  9  10  10  10  6  45 Abbreviations: CgA, chromogranin A; NSE, neuron-specific enolase.
stromal cells consisting mainly of smooth muscle cells, lymphocytes, and fibroblast-like cells.
CgA and synaptophysin were expressed in 32 (18%) and 48 (27%) of all tumors, respectively. Of note, all tumors positive for CgA also expressed NSE. In the case of synaptophysin, however, one of the tumors (adenocarcinoma of intestinal type from the stomach) expressing synaptophysin was negative for NSE. The reason for this is unknown. CgA and synaptophysin are two broad-spectrum markers commonly used in the diagnosis of NENs. CgA, which is a part of the granin family, is composed of acidic proteins found in the secretory granules of NE cells and tumors of known NE origin. The main issue with CgA as a marker of NE differentiation is that granins are primarily located in large secretory granules in the cytoplasm. As NE tumors dedifferentiate, there is a loss of neurosecretory granules, and as a result, poorly differentiated tumors may be completely negative for this marker. This certainly seems to be the case for some of the SCLCs and Merkel cell carcinomas of the skin. 29 Even so, CgA is considered to be one of the most specific markers of NE differentiation. As seen in the supplementary table, all cases expressing CgA also expressed additional NE markers supporting the above. Synaptophysin, another reputable NE marker, is found in the synaptic vesicles as a 38 kDA transmembrane glycoprotein. Synaptophysin has a slightly different staining profile compared with that of CgA due to the difference between the vesicles and secretory granules of granins and may be positive in lessdifferentiated NE tumors. In contrast to CgA and synaptophysin, NSE is localized in the cytosol of the cells rather than in neurosecretory granules and vesicles. As a consequence, NSE is able to stain even dedifferentiated and degranulated NE tumors. Even though this marker is considered sensitive for NE differentiation, its specificity is considered low due to cross-reactivity with smooth muscle cells, myoepithelial cells, and lymphocytes. In our study, this cross-reactivity made it more difficult to interpret NSE positivity seen in adenocarcinomas of the diffuse type in the stomach and invasive lobular carcinoma of the breast. These tumors have a more diffuse growth pattern compared with the other subtypes in the same organs, and subsequently recognizing tumor cells from NSE positive surrounding stromal cells was challenging. Many arguments go against NSE as a specific marker. In a study by Haimoto et al., NSE expression was found in the epithelial cells of the loop of Henle. 30 In addition, NSE is expressed in a number of RCCs, in particular, CCRCCs. CCRCC is presently not considered to be of NE origin. In recent studies, however, the expression of both erythropoietin (a hormone) and NSE has been found in the majority of CCRCCs, 20, 31 and a proportion of the CCRCC also expressed synaptophysin and CD56. As a result, one may question the nonendocrine nature of these tumors. 10, 11 In another study by Abbona et al., where they investigated the expression of NE markers in NSCLC, they found that 21/40 (53%) tumors expressed NSE, 4/40 (10%) expressed synaptophysin, and 5/40 (13%) expressed CgA. 32 All the tumors expressing synaptophysin were also positive for NSE. The finding of NE markers in NSCLC is supported by another study done at our department. 14 In our study, 77 (43%) of all cases expressed secretagogin, which is twice the amount when compared with CgA and synaptophysin. This is partly due to the high number of RCCs expressing this marker. Even so, the association between the expression of secretagogin and CgA was comparable with that of synaptophysin and CgA, at least for tumors located to lung and stomach. In some cases (as illustrated by Fig. 2) , it may even be a better choice than synaptophysin. Secretagogin is a marker considered by some to be of value in diagnosis of NENs and NE differentiation in tumors, 18, 19 but is not, however, in use in routine diagnosis of NENs. Secretagogin, which is a hexa EF-hand calcium-binding protein, was first cloned from the pancreas, and is considered to be specific for pancreatic beta cells and NE cells. 33 The physiology of secretagogin is poorly understood but in the islets of Langerhans, the beta cells are thought to deliver insulin-packed granules in a calcium-dependent fashion in response to elevated glucose levels. This marker is also implicated in calcium dependent-and growth regulatory processes, and Adolf et al. found that secretagogin is co-localized with other accepted markers like CgA, synaptophysin, and NSE, but in different subcellular compartments. 19 Interestingly, secretagogin is found in a number of RCCs. 34 Ilhan et al. discovered that 37% of CCRCCs expressed secretagogin, whereas non-CCRCCs were completely negative. They also found more metastasis in the subgroup of CCRCCs positive to secretagogin compared with the secretagogin negative subgroup. In the present study, we found that 30 out of 34 (88%) CCRCCs were positive for secretagogin, which is substantially higher than in the study by Ilhan and coworkers. This discrepancy could be due to methodological issues such as preanalytical factors like fixation time and/or primary and secondary antibodies used. In our study, we used mouse link to enhance the signal, which could further increase the number of positive tumors in our study.
Many pathologists are skeptical to the use of NSE in the diagnostic setting, especially for the diagnosis of NE differentiation in tumors. Studies have shown NSE to be expressed in tumors not believed to be derived from NE cells, and this has led to the term "nonspecific" enolase. Various studies concluding that NSE is a nonspecific marker for determining NE differentiation are based on the presence of NSE in epithelial cells in the loop of Henle, 6 and carcinomas of the ovaries and breast. 35 Since the time these studies were conducted, NE differentiation in carcinomas of the breast and ovaries have been described. 24, 36 Another reason for concluding that NSE is nonspecific is the finding of NSE in a number of RCCs, especially CCRCC. In a recent study, we found almost all CCRCCs to express NSE, and the same tumors also expressed the hormone erythropoietin normally produced by the kidneys. 20 A number of tumors which in the past have been considered not to be of NE origin have, with improved antibodies and detection systems, displayed NE differentiation within the tumor tissue. 37 Interestingly, the carcinomas of the stomach with focal NSE expression also expressed one or more other NE markers in the same areas, thus supporting the finding of NE differentiation in these tumors. This was also observed in carcinomas originating from other locations. NE differentiation in adenocarcinomas of various organs including the prostate, breast, stomach, lung, and colorectum have been described, and the relevance of this finding seems to vary from organ to organ. 32, [38] [39] [40] [41] Thus, reporting the presence of NE differentiation in other tumor types like, for instance, adenocarcinomas may be of interest to learn more about the significance of this finding. Till now, the diagnosis of NENs has been based on characteristic morphological features together with positive reaction for accepted NE markers like synaptophysin and CgA. This works well for well-differentiated NENs that are typically composed of uniform cells with coarse chromatin arranged in islands, trabecular, or glandular structures. Poorly differentiated NENs, in contrast, are more difficult to classify due to lack of typical NE pattern and with diffuse necrosis, marked cellular atypia, and high number of mitosis. In addition, poorly differentiated NENs have low levels of neurosecretory granules in their cytoplasm, which in turn lead to a weak or negative reaction for the same markers, especially CgA. In our study, we observed that whenever CgA expression was seen, NSE was observed in the same areas. The number of NSE positive cells seemed to be higher than for other NE markers used. This was especially the case in the lungs, whereas a number of NSE positive cells were only slightly increased compared with CgA and synaptophysin in carcinomas of the stomach (illustrated in Figs. 1-3) . In that respect, NSE expression could be of value in confirming a suspicion of NE differentiation (either based on morphology or by some level of expression of another NE marker) in a tumor. Some authors therefore recommend that a panel of markers including CgA, synaptophysin, CD56, and NSE should be used for poorly differentiated NENs. 42 In the present study, we also noticed that the staining intensity for confirmed NENs and CCRCCs was strong. In addition, the number of cells positive for NSE in the same cases was high. Bearing this in mind, the staining intensity and number of positive cells could give us some indication whether we are dealing with a NEN. Furthermore, most tumors positive for the other NE markers were also positive for NSE, suggesting that NSE is a robust marker in tumors with proven NE differentiation. In total, 43 tumors expressed NSE without expressing other NE markers. The intensity of staining in these tumors was weak and as illustrated by Table 9 , the number of positive cells was low in most of the cases. A weakness in this study, however, is the limited number of locations examined, especially when considering that NE cells are found in many different locations throughout the body.
Correct subtyping of tumors is of importance to give the best treatment possible to affected patients. The classification of tumors is traditionally based on morphological and immunohistochemical phenotype of the most differentiated area of the tumor. As tumors dedifferentiate, this classification may become increasingly challenging by the loss of expression of the various markers in the tumor cells, which in turn causes difficulties in recognizing the cell of origin. In cases of NE differentiation in poorly differentiated carcinomas, however, this finding has been explained by redifferentiation of the tumor, rather than the tumor originating from NE cells in the first place. Dedifferentiation, however, seldom leads to new properties, rather to loss of properties. Whereas there is an acceptance for NETs originating from normal NE cells due to stimulation of growth and through stages of hyperplasia, this is not the case for NECs. Stem cells are believed to be the origin of highly malignant tumors including NECs. 43 Cancer stem cells are thought to be a subpopulation of cells within a tumor with the ability to perpetuate indefinitely in contrast to the majority of cells found within the tumor. Even though cancer stem cells harbor properties of normal stem cells like the ability to self-renew and grow, they do not necessarily develop from normal-tissue stem cells. Research conducted on the brain has found that mature astrocytes have the ability to dedifferentiate under certain conditions and in turn gain stem cell-like qualities. 44 Studies have also revealed that NE cells have the ability to proliferate with the potential to develop into tumors of all degrees of malignancy. 45 There is a continuum of differentiation in tumors as demonstrated by different expression of NE markers in these tumors; some NETs may express NE markers in almost all tumor cells, whereas NE markers are observed in a proportion of tumor cells in other NETs. NECs may even express NE markers in only a few scattered cells, and as a result, a clear cutoff value of number of positive NE cells to diagnose a tumor as NE may be difficult. Furthermore, well-differentiated NENs are usually easy to diagnose, NECs, on the contrary, are more challenging due to less recognizable morphology and reduced expression of NE markers in the tumor. Some small cell NECs may even be completely negative for NE markers; thus, using NSE and introducing secretagogin into routine diagnostics may be beneficial.
In conclusion, we found NSE to be expressed in 78% of tumors from the breast, lung, stomach, and kidney, and of the NSE-expressing cases, 68% expressed one or more additional NE markers. When keeping in mind NSE's ability to cross-react with other forms of enolases, this antibody may be useful in confirming the diagnosis of NENs or adenocarcinoma with NE differentiation. Due to the fact that NSE is a cytosolic marker, it may even give a better indication of how many cells are true NE cells, especially in cases where the tumor cells are dedifferentiated. The following questions are still in need of answers: Is the knowledge that NSE is expressed in a higher proportion of tumors compared with other NE markers an indication of NSE being a more sensitive marker of NE differentiation, or due to cross-reactivity with other forms of enolase? The fact that all tumors expressing the more accepted NE markers also are positive for NSE may suggest that this marker is more specific than previously realized. Secretagogin also seems promising in terms of determining NE differentiation and should be considered implemented in routine diagnosis of these tumors. Although secretagogin shows promising results, two of the kidney cancers expressing this marker did not express NSE. More research is needed to explore this further. (1 = 2-10% positive tumor cells, 2 = 10-40% positive tumor cells, 3 = 40-70% positive tumor cells, 4 > 70% positive tumor cells). Total  Organ  1  2  3  4   Breast  4  1  2  1  8  Lung  5  8  7  6  26  Stomach  3  2  0  0  5  Kidney  2  0  1  1  4  Total  14  11  10  8  43 Abbreviations: NSE, neuron-specific enolase; NE, neuroendocrine.
Expression of NSE
